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(ABSTRACT)

A plethora of information has been amassed in attempts to
understand the basic principles governing 1living systemns.
Since the birth of the modern scientific method, many
compelling theories have been devised as scientists attempt to
understand the mysteries of life. The endo-symbiont theory
for the biogenesis of mitochondria and chloroplasts 1is one
such theory that has recently gained increased in acceptance
with the maturity of molecular and biochemical techniques.
These two organelles are unique in that they contain DNA which
codes for some of the proteins involved in organellar
function. Maternal inheritance of some traits such as
cytoplasmic male sterility (cms) in plants can be linked to
mitochondrial DNA. However, further wunderstanding of
mitochondrial gene expression, regulation and DNA
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rearrangements has been hindered by the 1lack of a
transformation system for these organelles. A longterm goal
in the field is to develop a transformation and expression
system for soybean mitochondria.

Despite recent transformations of yeast mitochondria, no
successful transformations of higher plant mitochondria have
been reported to date. Mitochondrial transformation occurs at
low frequencies, and therefore requires a method of selection,
i.e. a means by which to differentiate cells containing a
transformed mitochondrion from the background of largely
untransformed cells. The work presented in this paper is the
foundation for the future development of a selectable marker
for plant mitochondrial transformation. The antibiotic
oligomycin is an inhibitor of the mitochondrial ATP synthase
complex, and therefore has potential for the isolation of a
marker gene. Two approaches, soybean tissue culture
mutagenesis and site-directed mutagenesis of the soybean
[Glycine max (L.) Merr.] atp9 gene, have been explored in the
hopes of isolating an oligomycin-resistant marker. In yeast
(Saccharomyces cerevisiae), atp9 mutants have been shown to
contain nucleotide mutations resulting in single amino acid
substitutions that confer resistance to oligomycin. Sites for
mutagenesis of the soybean atp9 gene were chosen based on DNA
sequence homology between the yeast and soybean genes. Before
site-directed mutagenesis, atp9 cDNA clones were cloned and
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sequenced, revealing RNA editing sites.

Among these cDNA clones, we have also sequenced atp9 from
an oligomycin-resistant soybean suspension culture for
possible mutations in the gene. Suspension cultures were
mutagenized with EMS and selected by growth inhibition with
oligomycin. Inhibition curves showed an increased tolerance
for oligomycin for EMS-treated cultures compared to wild-type.

For future testing of the mutagenized atp9 gene we have
constructed a particle inflow gun to introduce the gene(s) of
interest into the nucleus of soybean suspension culture cells.
A mitochondrial target sequence from f-atp has been fused in
frame to the atp9 gene to direct the mutagenized gene product,
now the product of a nuclear gene, correctly into the

mitochodrion.
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CHAPTER I

Literature Review



Why S8oybean?

Soybean (Glycine max) 1is a major agronomic crop
worldwide. Between 120 to 130 million acres are planted
annually, generating over 100 million tons of seed (Hoskin,
1987). Much of this seed is crushed to produce oil and meal.
The value of soybeans lies in its versatility. Soybean is
utilized for a wide range of industrial purposes, and as a
nutrient source for livestock, and humans (margarine, cooking
oils, and processed foods).

The recent emergence of genetic engineering provides
powerful tools for studies in plant genetics and crop
improvement. However, such beneficial technology has only
recently been successfully applied to soybean. Genetic
crosses are difficult and tedious in soybean due to self-
pollination and small flower size. Self-pollination compounds
the problem of a lack of diversity and germplasm limitations
in soybean cultivars. These problems could be circumvented by
a genetic system using cytoplasmic male sterility and nuclear
restoration in hybrid seed production. Novel sources of
germplasm are important for the transfer of important traits
such as disease and herbicide resistance, drought tolerance,
and increased oil content. .

Recent advances have been made in the past decade in gene
transformation and plant regeneration from soybean tissue
culture. Progress in studies involving soybean genetics and
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cytogenetics, and increased use of restriction fragment length
polymorphisms (RFLPs) as markers for constructing genetic maps
has been made only recently. RFLPs have been used to
characterize Glycine max and Glycine soja mitochondrial DNAs
into four cytoplasmic types (Grabau et al., 1992). Soybean
breeding programs utilize such classification schemes in
identifying new sources of germplasm.

Studies involving plant mitochondrial gene structure,
function, and expression are limited by the lack of a system
of mitochondrial transformation. Such a system would be
useful in the areas of nuclear-organellar interaction, genome
rearrangements, mitochondrial gene expression, RNA editing,
mitochondrial targeting and membrane assembly, cytoplasmic
male sterility, and disease susceptibility. Studies would
utilize techniques such as site-directed mutagenesis and
direct introduction and expression of altered DNA into the
mitochondrial genome. Transformation of yeast mitochondria
(Johnston et al., 1988) and of higher plant chloroplasts (Svab
et al., 1990) add precedent for predicting the eventual
feasibility of these studies despite the low frequency of such
events. Recovery of plant mitochondrial transformants will
depend upon use of a selectable marker systen.

The long term application of this research is to develop
a system for the transformation of soybean mitochondria. This
requires the development and use of a selectable marker and
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expression vector. A candidate is resistance to oligomycin.
Oligomycin resistance (olif) in yeast mutants is determined by
two loci, olil and oli2, which correspond to atp9 and atpé
genes. We have chosen to concentrate on the smaller of the
two, the soybean atp9 gene. Two approaches for recovering a
mutant atp9 gene for possible use in transformation studies
are presently underway. One approach involves the use of
chemical mutagenesis to develop an oli® soybean cell line and
subsequent isolation of a possible mutant atp9 gene. A second
approach utilizes in vitro site-directed mutagenesis of the
soybean atp9 gene relying on sequence homology to oliR yeast
mutants to predict sites in the soybean gene that could confer

resistance to the antibiotic.

RNA EDITING

RNA editing is the process by which the nucleotide
sequence of the mRNA transcript is post-translationally
changed relative to the sequence of the DNA template (reviews,
Simpson, 1990; Hoffman, 1991; Mulligan, 1991; Walbot, 1991;
Wissinger, 1992; Bonnard et al., 1992). RNA editing was first
observed in the past decade when new information, not encoded
by the DNA template, was described in mitochondrial
transcripts of the cytochrome oxidase subunit II gene of
trypanosome parasites (Trypanosoma brucei). In these
transcripts, non-template-specified insertions or deletions of

4



uridine residues result in alterations of the reading frames
of the transcripts (Benne et al., 1986; Blum et. al., 1990).
Another editing of this type occurs in paramyxoviral mRNA
transcripts in which variable numbers of guanosines are
inserted (Thomas et al., 1988; Cattaneo et al., 1989; Vidal et
al., 1990), and in the mitochondrial transcripts of the
acellular slime mold Physarum polycephalum, in which cytosines
are inserted (Mahendran et al., 1991). A second form of
editing utilizes base substitutions or conversions, and have
been identified in a wide range of organisms. The
apolipoprotein B pre-mRNA of mammals (Chen et al., 1987;
Powell et al., 1987) and chloroplast transcripts (Hoch et al.,
1991) have been shown to undergo C to U conversions, while A
to I conversions occur in Xenopus laevis (Bass and Weintraub,
1988; Kimelman and Kirschner, 1989). All of these alterations
modify pre-existing reading frames or create new ones by
alteration of termination codons.

Plant mitochondrial transcripts have also been shown to
undergo RNA editing (Gualberto et al., 1989; Lamattina et al.,
1989; Covello and Gray, 1989; Hiesel et al., 1989).
Substitutions have been identified in wheat mRNAs for reduced
nicotinamide adenine dinucleotide-dehydrogenase subunit III
(nad3), cytochrome oxidase b (cob), small ribosomal subunit
protein (rps12), cytochrome oxidase subunit II (coxII)
(Gualberto et al., 1989; Covello and Gray, 1989), nadIv
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(Gualberto et al., 1989; Lamattina et al., 1989), and
Oenothera coxII, coxIII, cytb and nadI transcripts (Hiesel et
al., 1989). Substitutions detected in the mitochondria of
plant species are predominantly C to U base changes, although
occasionally U to C edits have been observed (Mulligan, 1991;
Walbot, 1991; Bonnard et al., 1992). Over 270 editing events
in plants have been described to date, of which only 5 U to C
edits have been reported (Bonnard et al., 1992)

The discovery of RNA editing has had a significant impact
on the present understanding of the genetic code 1in
mitochondria. Studies in mammalian and fungal species
established the notion that the mitochondrial genetic code is
non-universal, and the same was thought to hold for the plant
mitochondrial genetic <code as well (Mulligan, 1991).
Ambiguity in the genetic code in plant mitochondria led Fox
and Leaver (1981) to propose that the codon CGG was an
exception to the rules, coding for tryptophan instead of
arginine, following DNA sequence analysis of the coxII gene.
However, comparisons between plant mitochondrial sequences
revealed that CGG codons align at arginine positions, not
tryptophan (Gualberto et al., 1988; Bland et al., 1986). The
high conservation of coding sequence in mitochondrial proteins
led to sequence comparisons between plant mitochondrial genes,
which revealed radical changes in amino acids at positions
which are otherwise highly conserved. Furthermore, almost all
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of these discrepancies could be rectified by C to U changes at
the mRNA level. A substitution of C to U results in editing
of the genomic codon CGG, coding for arginine, to UGG for
tryptophan. C to U editing maintains compliance with the
universal genetic code in the mitochondrial transcript by
changing the codon CGG (arg) to UGG (trp) at the mRNA level
(Covello and Gray, 1989; Gualberto et al., 1989; Lamattina et
al., 1989; Hiesel et al., 1989). Therefore, CGG can code for
either arginine or tryptophan, depending upon whether RNA
editing occurs.

Nucleotide substitutions at the RNA level are translated,
and therefore may affect the protein sequence. Initial
questions concerning the translation of edited RNAs have been
confirmed by direct protein sequencing of plant mitochondrial
ATP9 (Graves et al., 1990; Begu et al., 1990). The importance
of such events is still unclear, yet editing seems to function
in conservation of protein sequence (Gualberto et al., 1989).

RNA editing appears to occur post-transcriptionally. A
mechanism for RNA editing in trypanosomes utilizes repeated
information in the genome. The transcription of the repeated
DNAs produce RNAs that may function in the editing process.
These '"guide" RNAs (gRNA) contain partial, homologous
sequences of specific genes, and perform a catalytic role as
well as a template role in "correcting" mRNA transcripts.
Some speculation has been made concerning guide RNAs as a
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mechanism by which editing occurs (Blum et al., 1991; Simpson,
1990; Bass, 1991; Hoffman, 1991). Since recombination in
plant mitochondrial DNAs can form subgenomic, circular DNAs,
smaller repeated segments of genes may function in RNA editing
as "quides" (Simpson, 1990). Although guide RNAs may be a
viable theory for insertions, or deletions, the substitutions
identified in plant mitochondrial genomes requires a different
mechanism. Spontaneous RNA deamination, RNA glycoslylation,
or excision and ligation are possible mechanisms (Wissinger et
al., 1992).

Substitutional RNA editing is site-specific, and appears
to be directional, as a population of differentially edited
transcripts may exist in mitochondria simultaneously (Schuster
et al., 1990; Graves et al., 1990). Edited mRNAs for at least
some plant species have been shown to be partially edited, as
has been demonstrated for Oenothera (Schuster et al., 1990),
and sorghum (Salazar et al., 1991) atp9 transcripts. The
editing pattern revealed by DNA sequences from three of 19
atp9 cDNA clones from sorghum showed evidence of 5’ to 3’
polarity (Salazar et al., 1991). Therefore, partially edited
transcripts may subsequently undergo translation. The edited
sites of wheat mRNA transcripts are fully reflected in the
protein sequence (Graves et al., 1990). These results pose
the additional question of how the translational machinery
within the mitochondrion is able to discern between fully-
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edited and pre-edited mRNAs (Graves et al., 1990).

Editing has been illustrated in plant mitochondrial atp9
genes, including Oenothera (Schuster and Brennicke, 1990),
wheat (Begu et al., 1990; Nowak and Kuck, 1990), sorghum
(Salazar et al., 1991), petunia (Wintz and Hanson, 1991), and
soybean (Pesce and Grabau, 1993 in press). In wheat, eight
editing sites have been observed which involve C to U
substitutions in the atp9 transcript, five of which result in
amino acid substitutions (Graves et al., 1990; Bequ et al.,
1990; Nowak and Kuck, 1990) compared to the deduced amino acid
sequence (Schulte et al., 1989). Three of the five C to U
substitutions result in UCA (serine) to UUA (leucine) amino
acid conversions. The edit of an arginine (CGA) at amino acid
position 75 generates a stop codon (UGA). In comparing the
soybean atp9 nucleotide sequence with the wheat genomic atp9
sequences, 85% homology was observed at the protein sequence
level (93% if the conservation of the carboxy-terminus is
considered). However, the homology is 100% at the protein
level when RNA editing is considered (Begqu et al., 1990; Nowak
and Kuck, 1990). Protein sequence homology increases for the
other known edited higher plant species as well, (Schuster and
Brennicke 1990; Salazar et al., 1991; Wintz and Hanson, 1991).
Other plant mitochondrial atp9 sequences have been described
in tomato (Kazama et al., 1990), tobacco (Bland et al., 1986),
maize (Dewey et al., 1985; Mulligan et al., 1988), rice
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(Kaleikau et al., 1990; Xie and Wu 1990), pea (Morikami and
Nakamura, 1987), sunflower (Recipon, 1990), broad bean
(Wahleithner and Wolstenholme, 1988), and sugar beet (Xue et
.al., 1989). However, the occurence of RNA editing in these

genes has not been addressed.

Mitochondrial F1Fo ATP Synthases

Mitochondrial compartmentalization of the tricarboxylic
acid cycle and the electron transport pathway from cytosolic
metabolism make oxidative phosphorylation and aerobic
respiration possible. Most of these reactions occur within
the matrix space and the mitochondrial inner membrane. In
plants, mitochondria have a unique role due to the presence of
chloroplasts. Under light conditions, the energy-synthesizing
role of mitochondria is diminished.

The mitochondrial Fi1F0o ATP synthase (mtATPase) is an
essential component of energy transduction in oxidative
phosphorylation (Pedersen and Carafoli, 1987; Nagley, 1988).
Other ATP synthases have been characterized in chloroplasts
and bacteria (Pedersen and Carafoli, 1987). The mtATPase
complex can be divided into two components, a hydrophobic,
inner membrane-spanning F0 portion and a hydrophilic, matrix-
localized F1 portion (Fig. 1.1) containing the catalytic
domain and ADP/ATP binding sites (Amzel and Pedersen, 1983;
Nagley, 1988). ATP synthesis is coupled to electron transport
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by the formation of proton gradient across the inner
mitochondrial membrane.

During electron transport, protons are released into the
inner membrane space, creating an HY potential gradient. A
proton motive force is generated as H' are released across the
membrane through the F0 channel portion of the complex.
Connected to the F0 sector is the F1 catalytic domain which
utilizes the energy gradient to convert ADP to ATP (Mitchell,
1976; Boyer et al., 1977; Kagawa, 1978; Senior, 1979; Nagley,
1988). The ATP synthase complex catalzyes the following

reversible reaction:

ADP + Pi = ATP + H,0

Mechanisms for interaction of the two portions of the
complex are unclear, but conformational changes in F1 most
likely occur during proton translocation. Such changes in F1
may be a critical factor ATP synthesis (Pedersen and Carafoli,
1987).

Much of the work on mitochondrial ATPases has been
performed in Saccharomyces cerevisiae (Linnane et al., 1985;
Velours et al., 1987; Okada et al., 1986) and bovine heart
(Pedersen and Carafoli, 1987; Walker et al., 1987). 1In each

of these systems, the ATPase complexes are composed of at
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Figure 1.1. The F1F0 mtATPase complex. The two domains of
the complex are depicted by the ball and stem or "lollipop"
structure. The ball represents the hydrophillic F1 catalytic
domain which resides in the matrix. The stem represents the
hydrophobic F0 domain which spans the inner mitochondrial
membrane. :

F1-portion
catalytic region
subunits 1-5

FO-portion

membrane associated
H+ channel

subunits b-9

least 11 subunits (Nagley, 1988). The F1 domain is composed
of five subunits (a, B, Yy, &, €) encoded by nuclear genes
(Tzagoloff and Meagher, 1971). In yeast, three

mitochondrially-encoded integral membrane subunits (6, 8, 9)

12



comprise the Fo0 (Haduzusumo et al., 1984; Nagley, 1988).

The proteolipid portion of the mtATPase complex is of
particular interest in our studies. The Fo domain is
important in the study of membrane genetics. Further
characterization of this enzyme would enhance understanding of
membrane biogenesis, structure, function and assembly.
Mutations in yeast have been instrumental in elucidating the
structure and function of the membrane component of the
complex. Yeast respiratory (mit~) mutants with defective
mitochondrial function have been developed which 1lack the
ability to utilize nonfermentable substrates (Tzagoloff and
Myers, 1986; Ooi et al., 1985a). These mitochondrial mutants
appear as p~ petites due to slow, anaerobic growth.
Phenotypes controlled by these and other 1loci result in
temperature sensitivity, antibiotic resistance, and
respiratory defects (mit™ mutants).

The antibiotic oligomycin is a specific inhibitor of
mtATPases by blocking proton translocation through the
membrane channel, and has been instrumental in developing
structural and functional models for the transmembrane
segment. Oligomycin has been used for isolation of mutants in
fungi (Avner and Griffiths, 1970; Avner et al., 1973; Brunner
and Tuena de Cobos, 1980) and mammalian cells in culture
(Lichtor and Getz, 1978; Kuhns and Eisenstadt, 1979; Shew and
Breen, 1985). Protein modification studies using intact
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